Abstract-A dual current-regulated pulsewidth-modulated voltage-source inverter based on multiple two-phase PWM inverters, also called a B4 topology, requiring a dual ac-drive system with reduced switch count is proposed. The drive utilizes a total of only eight switches to produce two sets of three-phase or two-phase sinusoidal output currents that can be employed to feed three-phase or two-phase induction motors. A suitable control strategy of this new scheme is shown to minimize the single-phase current flow through the dc-link capacitors, which is a common problem in reduced-switch-count topologies. In order to verify the performance of the motor drive system, an application on traction of an electric vehicle is carried out. Results show that the ac current through the dc link can be minimized, and when utilizing two-phase motors on the proposed dual drive, the reduced voltage gain problem, also common in B4 topologies feeding three-phase motors, can be solved.
I. INTRODUCTION
D UE TO THE advances in power electronic technology, variable-frequency ac drives are presently being broadly applied. Traditional ac drives are based on a three-phase inverter that is used to feed an induction motor; thus, a total of six switches is required. Reducing the number of active switches is desirable in applications where low cost, improved reliability, and less conduction loss are of importance. Due to its many advantages, a number of studies have been conducted utilizing a reduced-switch-count structure. For instance, a two-phase topology using a split dc-link capacitor requiring only four switches was introduced in [1] . In [2] , the same inverter, termed a B4 inverter, was proposed as a viable alternative compared to the conventional six-switch converter. A detailed analysis of the harmonic losses and torque pulsations produced by a four-switch voltage-controlled topology was carried out by Van Der Broeck et al. [2] , [3] . This analysis showed that both copper losses and torque pulsations could be greatly reduced by instantaneously controlling the time shift between the two voltage pulses during the pulse period.
A three-phase-to-three-phase voltage-source inverter-pulsewidth-modulated (VSI-PWM) rectifier-inverter scheme with eight switches was proposed in [4] . This topology had the capability of delivering sinusoidal input currents with unity power factor and bidirectional power flow. The problem of voltage fluctuation in the dc link, however, is a potential limitation for this eight-switch structure. Drawbacks of the reduced-switch topologies also include increased voltage stress on both the power devices and the induction motor, increased switching losses due to a higher dc-link voltage, and single-phase circulating currents through the dc-link capacitors [5] . The problem of single-phase circulating currents through the dc-link capacitors was also addressed in [6] . A comparative study of a reduced-switch drive structure was conducted and applied to mobile robot motorization in [7] . However, the problem of the single-phase currents was not addressed, which is a common limitation of reduced-switch count topologies. In addition, the existence of large dc-link voltage variations due to, among other causes, the circulation of single-phase currents through the dc-link capacitors was discussed in [8] , although a solution was not given. This paper introduces a new dual ac-drive system that minimizes the single-phase current flow through the dc-link capacitors, thus eliminating their voltage variation and extra losses. The proposed drive system uses two four-switch inverters connected back to back which share a single split dc-link capacitor. The inverters are used to feed two induction motors that operate at the same fundamental frequency with a similar current level. It is shown that when a two-phase motor is used, the switch utilization ratio of each four-switch inverter is the same as the conventional six-switch inverter configuration. The benefits and constraints of utilizing three-phase induction motors are also addressed. To verify the performance of the dual drive system, an application on traction of an electric vehicle is carried out. A mathematical model of the proposed ac drive is derived and applied through simulation. An experimental work is currently being conducted. Details of the implementation and experimental results will be presented in a future paper.
II. SYSTEM CONFIGURATION AND PRINCIPLE OF OPERATION
The proposed drive system is schematically shown in Fig. 1 . The two-motor drive contains a dual two-phase inverter connected back to back with a common dc bus, thus requiring only eight switches instead of the conventional 12. In a two-phase inverter topology, two of the machine's lines are connected to two poles of the inverter, and the third line is connected to the center point of the dc link. It is assumed that a single bridge rectifier (not shown for simplicity) supplies the pole-to-pole dc-bus voltage. It is also assumed that the phase and magnitude of the load currents can be independently adjusted and that each inverter is operated under current control using hysteresis regulators. The load can be selected as either three-phase or two-phase induction machines that are fed from each inverter. If three-phase induction motors are utilized, assuming no neutral connection, only two of the three line currents need to be regulated (sinusoidal) since the current through the third line is the algebraic sum of the other two regulated currents. If the drive employs two-phase induction motors, the same current control as described above can be utilized. In this case, two line currents are regulated and are 90 out of phase while the third line is the neutral connection and carries a current that is 2 larger than the line current.
It is clear that this configuration creates a single-phase ac current flow through the capacitors. This result is due to the connection of one machine line to the center point of the dc link. However, by connecting a second two-phase inverter and motor to the same dc bus, as shown in Fig. 1 , it is possible to compensate for the single-phase current in the capacitors. This is achieved by adjusting the relative phase angle of the currents in the two inverters. To eliminate the single-phase current, the relative line currents in each inverter must simply be 180 out of phase. To develop actively this control strategy, a complex space vector approach is utilized.
III. CONTROL STRATEGY
When a dual two-phase inverter feeds two-phase induction motors, the current through in Fig. 1 is given by (1) where and are the neutral currents and is the current through . From (1), it can be noted that if has the negative value , then will be equal to . Therefore, the currents into the capacitor midpoint tap will total to zero. As a consequence, the effective circulating current through the dc-link capacitors will be ideally zero.
In (1), to minimize the single-phase circulating current through the dc-link capacitors, the neutral currents and must be 180 out of phase. This is accomplished by choosing the current references for inverter 1, as follows:
where is the torque command, and is the flux command in the synchronous reference frame. In the same fashion, the current references for inverter 2 are chosen as
In (4) and (5), and are chosen such that
where and are the torque and flux commands for induction machine 2. In (6) and (7), the angle is determined as indicated in the block diagram of Fig. 2 . Here, , , , and are the inputs of measured stator currents in the stationary reference frame. The currents are transformed to the Angle , when used in (6) and (7), has the property of rotating the complex current vector to be 180 out of phase with respect to the complex current vector . This rotation process is shown graphically in Fig. 3 .
In this figure, the new position of the complex current vector of induction machine 2, , is accomplished by rotating the complex vector by degrees. The reference frame of induction machine 1 remains fixed because the rotor flux angle was selected as the reference. In Fig. 3 , there are three different reference systems:
, which defines the position of induction machine 1, , which defines the position of induction machine 2, and , which defines the new position of machine 2. Thus, it can be noted that, in this new position, the complex current vectors and are 180 out of phase. This is an important result because if and have similar magnitudes, which is possible during normal drive operation, the elimination of the single-phase current through the dc-link capacitors can be achieved according to (1) . Once is calculated by (4) and (5) for induction motor 2.
IV. DUAL DRIVE PERFORMANCE

A. Switch Utilization
In order to compare the performance of this drive to that of the conventional six-switch converter, the switch utilization ratio (SUR) can be determined [11] . When the proposed dual ac drive employs two-phase induction motors, the SUR is calculated as (11) where and are the rms inverter rated fundamental output voltage and current at fundamental frequency for a four-switch inverter. Similarly, and are the peak voltage and current ratings of a switch. Table I shows the SUR and the gain  ,  where is the fundamental phase voltage for the six-switch inverter case. In Table I , it is assumed that the dc-link voltage is fixed and each switch has the same ratings. It can be noted that the SUR and the fundamental phase voltage for the four-switch inverter with two-phase induction motors are equal to the corresponding values of the conventional six-switch inverter, whereas the rating is poorer for three-phase machines, as has been previously noted [2] . This means that the proposed dual four-switch inverter will exhibit the same range of voltage control and the same relative inverter losses as in the conventional six-switch inverter. Also, it is well known that a three-phase machine will exhibit higher output power density than a two-phase machine due to a better utilization of the core and windings. These two alternatives offer important benefits and constraints, which are being considered for the construction of a prototype.
B. Induction Motor Drive Losses
For low-speed drive applications, the major concern is the winding losses since the core losses are relatively low. Therefore, it is interesting to observe the losses in each motor as the ratio of their currents change. Fig. 4(a) shows the normalized loss of motor 1 as its torque ratio and speed ratio are varied, provided that nominal conditions are sustained in the second machine. As the speed of induction motor 1 becomes lower than the speed of induction motor 2, the speed difference will drive up the losses in the motor drive. As is observed in Fig. 4(a) , the efficiency of the ac drive improves as both machines work near the same speed. At zero speed difference, the performance of this drive will exhibit constant losses similar to conventional dual six-switch converters. Fig. 4(b) shows the output current ratio of inverter 1 over inverter 2. As the speed and torque decrease, the current in machine 1 will tend to be equal to the current in motor 2 due to the increase of the losses. If the current ratio is maintained close to unity, the ac current component through the dc-link capacitors will still be considerably minimized. Fig. 4 suggests, however, that the dual motor drive must be operated within a safe speed difference range in order to avoid high machine losses. Because both machines must operate at the same electrical frequency, regardless of the mechanical speed, there will be a limitation to the maximum mechanical speed difference. This limit is given by the breakdown slip in both machines. Due to the fact that the majority of high-performance traction drives briefly require no more than a 10% speed difference, the proposed motor drive will typically operate over a relatively safe range.
C. Low-Speed Operation
As long as an appropriate current control is maintained at low speed, the ac drive shown in Fig. 6 will exhibit a smooth operation at zero speed. Due to the challenge of coordinating a multimachine drive system at a very low speed, an experimental work is being conducted to verify the present results in practical situations.
D. DC-Link Capacitor Sizing
Fig . 5 shows the dc-link capacitor losses as a function of the speed ratio and the load torque ratio of the proposed motor drive system. The bulkiness of the dc link will depend on the ability of the capacitors to absorb the ripple current, with a main spectral component at 60 Hz, as the speed and torque ratios are varied. For instance, for a suitable design, the dc link can be sized to dissipate a maximum of 25 W, as shown in Fig. 5 . This defines an operating zone from 1.0 to 0.5 torque ratio and from 1.0 to 0.9 speed ratio. To limit the system operation in this zone, two 3400-F capacitors can be used. As a result, each of the two capacitors will have the ability to tolerate a maximum ripple current of 19% of the motor phase current, allowing a modest dc-link size. This can be compared to a bulky dc link needed to manage 70%-100% ac circulating current (ripple current) of a four-switch inverter [2] without any control.
V. TRACTION ELECTRIC VEHICLE APPLICATION
For an electric vehicle traction application, three driving situations are of interest: 1) the straight-line regime, where both motors operate at the same speed; 2) the turning regime, where each machine operates at different speeds; and 3) wheel slippage, where one of the induction motors experiences almost zero load torque. Fig. 5 illustrates the general block diagram for the controls of the proposed drive system.
A. Velocity Commands
In the block diagram of Fig. 6 , it is assumed that the vehicle total velocity ( ) is maintained constant during each maneuver. The torque produced is developed by a throttle command. Each induction motor of the proposed drive is utilized to drive one of the wheels of the traction axle. The angular speed for each where , , and are the wheel radius, turn curve radius, and axle length, respectively. Note that, from (13), the angular speed of induction motor 2 will be larger than the angular speed of induction motor 1.
B. Speed Control of Motor Drive 1
A PI controller to maintain constant speed generates the torque command for induction motor 1, as follows: (15) A constraint in the operation of the drive is that both motors must operate at the same frequency in order to minimize the ac current in the dc-link capacitors. Therefore, the required amount of flux is determined by (16) Then, the differential flux is added to the nominal flux of induction motor 1. The flux expression for motor 1 becomes (17) where and are the frequencies of induction motors.
C. Speed Control of Motor Drive 2
The speed control for induction motor 2 involves the generation of the torque command to maintain constant velocity. Its expression in the synchronous reference frame is (18) The flux command is maintained constant at its nominal value, 64 A. Both the flux and torque commands must be applied with negative signs. This will accomplish an out-of-phase angle of 180 between the respective stator currents of both inverters. The strategy of eliminating the ac current through the dc-link capacitors is incorporated within the controls of induction motor 2, as seen in Fig. 6 .
VI. SIMULATION RESULTS
The proposed drive system has been simulated assuming two identical two-phase induction motors operating at the same fundamental frequency. In all simulations except the slippage condition, the induction motors operate under similar loads. The focus of this study is the analysis of the behavior of the dc-link circulating current through the capacitors as the vehicle performs basic maneuvers. Therefore, for simplicity, the necessary torque to accelerate the vehicle and the torque to overcome the road load are modeled by a step torque. Three basic driving situations are simulated: straight line, turning, and wheel slippage. Primarily, the proposed drive system is simulated without control. Then control is applied to minimize the dc-link capacitor currents. Fig. 7 shows the current and voltage through dc-link capacitor 1 when the system is operating without any control. The circulation of single-phase currents is clearly seen. This current rises as high as the current of phase (114 Apeak). In addition, due to this large capacitor current, large voltage oscillations can be seen through capacitor 1 (60 Vpeak). The same effect is produced in capacitor 2. Without utilizing any control method to reduce the voltage and current variations, the size of the dc-link capacitors would increase. Due to the increase in loss and larger capacitors, this would have a direct impact in the weight and cost of the drive. Therefore, the single-phase current flow in the dc link must be eliminated or minimized for a practical application of the drive.
A. Operation of the Proposed Drive Without Capacitor Current Control
B. Straight-Line Regime
During straight-line driving operation, each inductor motor operates with identical speeds as given by (12). Fig. 8 illustrates the current through capacitor 1. The simulation is carried out with a load of 82 N m on each induction motor and a total vehicle velocity of 10 mi/h. It can be seen that the current and voltage variations of the capacitor have been fully eliminated. According to (1) , to eliminate the currents through the dc capacitors, and must total to zero. In addition, these currents must have similar magnitudes. Fig. 9 exhibits the neutral currents of the induction motors. It can be seen that the current increases its phase until it becomes 180 out of phase with respect to the current. This rotation is actively accomplished by feeding the angle given by (10) into the general block diagram of Fig. 6 . Because an electric vehicle will perform primarily in the straight-line regime, in which there is complete elimination of the ac current through the dc-link capacitors, the proposed drive system is attractive for electric vehicle applications. 
C. Turning Regime
It is clear that the speeds of the motors are different for the turning condition. Given the total speed of the vehicle, the angular velocities of the motors are determined by (13) and (14). The proposed drive is capable of operating at different speeds and eliminating the single-phase current flow, as shown in Fig. 10 . For this case, each induction motor operates with the same load torque (rated torque), and due to the restriction of equal frequency, motors must operate with different slip speed. The turning regime simulations demonstrate that when both motor drives are operated approximately with the same current level, the problem of single-phase circulating current through the dc link and voltage fluctuations can still be eliminated. It was found that aside from the difference in phase, the corresponding neutral currents remain nearly the same for this operation condition. This represents a reduction of approximately 91% of the current through the capacitors.
D. Wheel Slippage
One special operational condition for the drive is when one of the wheels has full traction and the other has lost almost all traction capability. This operational condition, though a rare driving situation, is important to analyze in order to determine the limitations of the drive. The simulation of wheel slippage is accomplished by applying 30 N m on motor 1 and 82 N m on motor 2. During the slippage condition, it is assumed that the vehicle is turning with a curve radius of 4.8 m at a constant speed of 10 mi/h. Fig. 11 illustrates the capacitor current and voltage during the slippage operation. The currents of phase and phase are also shown. Due to the different load torque, it was found that the current in phase becomes 30 A larger than the current of phase for this load. As a result, the difference between currents will flow through the dc link, which represents approximately 25% of the current of one phase. Thus, the voltage oscillations are approximately 50% of the actual value without control. Although the elimination of the circulating current through the dc capacitor is not complete, 75% of the current can still be eliminated. This driving situation also would be a worst case scenario for the operation of the proposed drive system.
VII. EXPERIMENTAL RESULTS
The reduced-switch concept has also been implemented in hardware. Two identical 3-hp 230-V four-pole induction machines were used, connected as in Fig. 1 . Experimental traces of the three currents of one of the two induction machines connected as proposed are shown in Fig. 12 . The slight distortion which occurs result from the fact that the current regulation was not employed. Fig. 13 shows traces of the current of the motor phases which are connected to the capacitor midpoint. When the motor is unloaded, each motor operates at zero slip. Hence, the identical V/Hz can be applied and the two motor phase currents connected to the dc-link midpoint remain equal and opposite.
In Fig. 14, the same traces are shown for the case where loads of the two machines are different. It can be noted that the resulting unbalanced currents in the phase currents of the two motors result in a large ripple current in the link capacitors and a consequent dc voltage link ripple. In Fig. 15 , the same load condition is shown, but in this case with different V/Hz on the two motors adjusted so that while the rotor speeds differ, the stator frequencies are the same. In this case, the link capacitor current and ripple voltage are greatly reduced. 
VIII. MULTIMOTOR DRIVE APPLICATION
In addition to traction vehicle application, the proposed drive can be utilized in industrial automation where multimachines are required to work at the same electric frequency and different speeds to control a process. Fig. 16 shows a multidrive with four identical two-phase motor drives sharing the same dc-link capacitors. The motor neutrals are connected to the center point of the capacitors. In normal conditions, this multidrive would operate with 24 switches. By using the proposed four-switch topology, only 16 switches are necessary. The multi-inverter will also exhibit the same advantages of the dual drive analyzed before: the same voltage gain and switch utilization ratio as the conventional six-switch structure, minimization of the ac cur- rent through the dc-link capacitors, a reduced switch count, and a sharing of dc-link capacitors.
IX. CONCLUSIONS
A dual motor drive system based on multiple two-phase PWM inverters has been proposed. The system is capable of eliminating the single-phase circulation current through the dc-link capacitors by controlling the phase angle of the commanded currents to each inverter. The elimination of the circulating current through the capacitors reduces the overall losses, eliminates dc voltage variations and has relevant impact in reducing the cost and weight of the drive. The selection of two-phase induction motors for this drive solves the reduced voltage gain problem common in four-switch topologies utilizing three-phase motors. This allows the dual four-switch inverter to have the same switch utilization as the conventional dual six-switch inverter. A multidrive application for industrial automation has been proposed and a control model for vehicle traction application has been developed and simulated, demonstrating that the proposed drive system is a suitable alternative to conventional six-switch inverter drives. APPENDIX MACHINE PARAMETERS 20 hp, 2 , 127 V, four poles 30 hp, 3 , 220 V, four poles H, H H , .
